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• Analysed a ten-year precipitation dataset
for a megacity and nearby stations

• Remote sensing techniques revealed
rapid urbanization at the megacity.

• Significant increasing trend of precipita-
tion existed only at the megacity station.

• Urbanization-induced increase is higher
than that from the future climate change.

• Findings have implication to coastal de-
fenses, disease spread and heat stress.
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Although projected precipitation increases in East Asia due to future climate change have aroused concern, less
attention has been paid by the scientific community and public to the potential long-term increase in precipita-
tion due to rapid urbanization. A ten-year precipitation dataset was analysed for both a rapidly urbanizedmega-
city and nearby suburban/rural stations in southern China. Rapid urbanization in themegacity was evident from
satellite observations. A statistically significant, long-term, increasing trend of precipitation existed only at the
megacity station (45.6 mm per decade) and not at the other stations. The increase was attributed to thermal
and dynamical modifications of the tropospheric boundary layer related to urbanization, which was confirmed
by the results of our WRF-SLUCM simulations. The results also suggested that a long-term regional increase in
precipitation, caused by greenhouse gas-induced climate change, for instance, was not evident within the
study period. The urbanization-induced increase was found to be higher than the precipitation increase
(18.3mmper decade) expected from future climate change. The direct climate impacts due to rapid urbanization
is highlighted with strong implications for urban sustainable development and the planning of effective adapta-
tion strategies for issues such as coastal defenses, mosquito-borne disease spread and heat stress mortality.
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1. Introduction
Amedian increase of precipitation of 9% in East Asia by the endof the
21st century is projected under the A1B scenario due to greenhouse gas-
induced climate change (IPCC, 2007). Although this has aroused many
discussions among the scientific community and the public, much less
attention has been paid to changes in precipitation due to urbanization
effects, and there has been little quantification of these effects. Globally,
54% of the population lived in urban areas in 2014, compared with 30%
in 1950, and this population is projected to increase to 66% in 2050 (UN,
2015). Developing countries, such as those in Latin America and Africa,
have undergone theprocess of rapid urban growth or are on thepath to-
wards it. A better understanding of the urbanization effects on the envi-
ronment is required (van Ginkel, 2008). Urbanization replaces forests
with buildings and roads and reduces the evaporation (and thus
cooling) at the surface. Tall buildings reduce the ventilation rate and
trap the heat within urban areas (Arnfield, 2003). These factors, as
well as anthropogenic heating (Quah and Roth, 2012), cause urban
heat island (UHI) effects in many mega-cities in the world. In China,
land use/cover change and human activities were attributed to be the
primary reason for the rising temperatures in Jiangsu Province (Huang
et al., 2015). Since the1970s, the enhancement of precipitation intensity
has been linked to urbanization effects (METROMEX, 1974; Changnon,
1979). City (i) acts as the warm center to increase unstable air masses
and (ii) increases the surface roughness to enhance surface conver-
gence, which both mechanisms enhance the convection over and
downwind of the city center (Hjelmfelt, 1982; Lin et al., 2008a). By anal-
ysis of six precipitation events, Bornstein and Lin (2000) showed that
the UHI induced a convergence zone that initiated convective activities
over and immediately downwindof Atlanta, Georgia, U.S.A. Thefindings
were further supported by a study based on 5-year data on land-use,
radar reflectivity, surface meteorological data and upper-air soundings
(Dixon and Mote, 2003). The impacts on strong vertical convection
were also reflected by lightning activities. Naccarato et al. (2003) re-
ported an enhancement of 60–100% in the cloud-to-ground lightning
flash density over Brazilian urban areas compared to their surroundings.
Numerical model simulations (Hjelmfelt, 1982; Lin et al., 2008a; Zhong
and Yang, 2015) are consistent with the anomalies found from observa-
tional studies. For example, sensitivity tests of the MM5 meso-scale
model suggested that UHI perturbed thermal and dynamic processes
at the atmospheric boundary layer and affected the location of precipi-
tation over the western plain of Taiwan. Precipitation over the upwind
area was also enhanced (Lin et al., 2008a) by the increasing size of the
urban area. However, the above-mentioned studies mainly focused on
short-term events.

The Pearl River Delta (PRD) is one of the rapidly developing areas in
southern China. Urban area in the PRDwas expanded from0.5% to 12.9%
from 1993 to 2004. Guangzhou, located in the PRD, is one of the largest
megacities in China, alongwith Beijing and Shanghai, and has a popula-
tion of approximately 25 M. The relationships between UHIs and land-
use/land-cover changes in the PRD have been studied (Chen et al.,
2006). They reported the percent of built-up area increased from
6.09% in 1990 to 13.08% in 2000, while the percent of cropland de-
creased from 42.23% to 21.48% for the same time span. Based on our
simulations, precipitation increased 15% over urban and leeward areas
in summer due to the urbanization of the Yangtze River Delta in eastern
China (Zhang et al., 2010). In this studywe attempted to provide, for the
first time, observational evidence of long-term urbanization-induced
enhancement of precipitation (UIEP). We first compared satellite prod-
ucts of surface temperatures between 1994 and 2010 to provide support
for the existence of a UHI and urbanization over the Guangzhou mega-
city. Then, a 10-year daily precipitation dataset (1997–2006, covering a
period of high urbanization rate in the Guangzhou megacity) of rain
gauge measurements in and near the PRD was analysed to study the
long-term urbanization effects on precipitation. The Weather Research
and Forecasting (WRF) model, detailed later, was used to perform
numerical experiments to confirm the UIEP by simulations of typical
precipitation events in summer. Finally, because the effects could be-
come more significant in the future (Pielke et al., 2007), implications
of the effects on sustainable urban planning were discussed.

2. Data and methodology

2.1. Satellite products

The large spatial coverage of satellite images makes them advanta-
geous for detecting UHIs, which are city-scale phenomena. Land surface
temperature (Ts) derived from the satellite images has been used in
many urbanization and UHI studies (Balling and Brazel, 1988; Dousset
andGourmelon, 2003; Nichol et al., 2009). Two Landsat imageswere ac-
quired at 10:30 am (local time) on October 24, 1994 and October 28,
2010. The land surface temperature products at 30 m resolution were
derived using the emissivity modulation method (Nichol, 2009) with
correction of the emissivity of the original thermal channel using land
use and land cover data.

The trend of urbanization in terms of the impervious surface area
(ISA) was also evaluated to understand the land use change during
the urban development. The impervious surface is the built environ-
ments, such as building, road and infrastructure, which can be an indica-
tor of urbanization and related to urban heat island effects and regional
energy balances (Sawaya, 2003). The ISA products currently presented
were those being post-processed from the mentioned Landsat images.
Following the study of Wu and Murray (2003), the ISA was calculated
based on the result of land use classification (i.e., building, bare land,
vegetation and water categories) within a specific area. The spatial dis-
tribution of ISA is generated from 5 by 5 pixels of window size all over
the study area.

2.2. Surface precipitation measurements

The 10-year (1997–2006) surface daily precipitation measurements
at various locations at and near the PRDwere used to study if the urban-
ization had long-term effects on the precipitation amount. Rain-gauge
measurements at Guangzhou (GZ; 23.1°N, 113.3°E), Fogang (FG;
23.8°N, 113.5°E), Lianpin (LP; 24.4°N, 114.5°E), Naxiong (NX; 24.9°N,
114.2°E) and Shaogua (SG; 24.7°N, 113.5°E) (Supplementary informa-
tion Fig. S1) were used. The ISA is N80% for station GZ and are in the
range of 0–30% for the rest of the stations. Guangzhou is a typical mega-
city in China, and the GZ urban station located near the Guangzhoume-
tropolis is suitable for studying urbanization effects. Other stations near
the Guangzhou metropolis are suburban or rural in nature and acted as
controls to detect if any long-term, regional effects on precipitation oc-
curred. To the south of the Guangzhoumetropolis is the coastal line fac-
ing towards the South China Sea and the PRD (Fig. 1).

2.3. Trend analysis

The precipitation data at each selected station were first tested for
trend significance by the well-known Mann-Kendall (M-K) test, which
has been employed in trend investigations of precipitation and other
environmental variables (Brunetti et al., 2001; Joshi and Pandey, 2011;
Ziv et al., 2013). Details of the test have been described, for example,
in Gilbert (1987) and the quoted references, and thus are not repeated
here. Briefly, the M-K test computes the S- and Z-statistics to test a
null hypothesis of no trend and an alternative hypothesis of the exis-
tence of a trend. We tested the null hypothesis at the 95% confidence
level. Linear least-square regression was then used to quantify the
trend magnitude when the trend at a station was determined to be sta-
tistically significant. Linear regression is a popular method for trend-
magnitude studies (Liebmann et al., 2004; Groisman et al., 2005;
Knowles et al., 2006 and refer to the three referencesmentioned above).



Fig. 1. Satellite images over the study area in 1994 and 2010. Land surface temperature (°C) distributions observed by the LandSat satellite over the PRD and nearby areas on typical days in
fall: (a) 24 October 1994, and (b) 28 October 2010. The post-processed ISA plots on (c) 24 October 1994, and (d) 28 October 2010 are also presented.
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2.4. Description of the WRF model and settings of numerical experiments

TheWRFmodel version 3.5.1 coupled with a single-layer urban can-
opy model (WRF-SLUCM) was used to perform numerical experiments
to provide evidence that precipitationwasmodified by the urbanization
effects in the PRD. The coupled model has been used in many urbaniza-
tion studies (Wang et al., 2009; Tewari et al., 2010; Miao et al., 2011;
Chen et al., 2011; Wyszogrodzki et al., 2012). The SLUCM (Kusaka and
Kimura, 2004) represents the thermal and dynamic effects of urban
areas by taking urban geometry into account in its surface energy bud-
gets and wind shear calculations (Miao and Chen, 2008). The SLUCM
was coupled to the Noah land surface model (Chen and Dudhia,
2001), which provided surface sensible and latent heat fluxes and sur-
face skin temperatures as the lower boundary conditions to the WRF
model. Other physical parameterizations were used, including the
Yonsei University (YSU) planetary boundary layer (PBL) scheme (Noh
et al., 2003), the Dudhia shortwave radiation scheme (Dudhia, 1989)
and the RRTM longwave radiation scheme (Mlawer et al., 1997). The
choice of microphysics and cumulus schemes in the WRF model had
substantial impacts on the simulated precipitation in terms of simulated
pattern and amount (Wan and Xu, 2011; Liao et al., 2012). In this study,
we used the newKain-Fritsch cumulus scheme (Kain, 2004) and the Lin
et al. (1983) microphysics scheme, which have been reported to give
better simulated precipitation results (Liao et al., 2012).

To explore the urbanization effects, precipitation was simulated on
19–20 August 2005 under the influence of the summermonsoon. Initial
and boundary conditions for the outermost domain, which covered
most of the areas of China, Korea and the northern part of SE Asia,
were obtained from the NCEP Operational Global Final (FNL) Analysis
dataset with 1° × 1° resolution at 6-h intervals. The simulations were
made over 3-nesting domains with grid spacings of 27, 9 and 3 km
and 118 × 112, 109 × 91 and 91 × 166 grid points, respectively. Only
the results of the innermost domain are presented here. The innermost
domain covered the PRD and the Guangzhou metropolis, similar to the
domain shown in Fig. 1 in the work by Wang et al. (2009). There were
31 vertical sigma levels up to 100 hPa and 8 levels below 1 km to better
resolve the processes in the PBL. Two sets of simulations, “Pre-urban”
and “Urban”, were performed. The former (latter) used the USGS
(MODIS) land-use data, with other settings, such as physical parameter-
izations and initial and boundary conditions, being kept identical. The
USGS land-use data were based on the Advanced Very High Resolution
Radiometer (AVHRR) data and reflected the distribution of cities such as
Guangzhou in 1992. TheMODIS land-use data represented the distribu-
tion of rapidly urbanized areas in and near the PRD in 2004. The
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difference in land-use between the “Pre-urban” and “Urban” simula-
tions is shown in Fig. 1 in thework byWang et al. (2009). Anthropogen-
ic heat was reported as an important factor to better capture the
observed precipitation (Zhong and Yang, 2015) and the spatial variance
of surface temperature (Miao et al., 2009) for WRF simulations. Model
defaults were used in this study (Zhong and Yang, 2015) for the “Pre-
urban” scenario. To represent the likely recent high anthropogenic
heat scenario, which ismore comparable to that of othermegacity stud-
ies (Miao et al., 2009; Allen et al., 2011), a maximum value of
200 Wm−2 (Lin et al., 2008b) was assumed for the “Urban” scenario.

3. Results

Fig. 1a and b show the Ts over the PRD in fall 1994 and 2010 as ob-
served by the Landsat satellite to demonstrate the urbanization effects
over the area. The temperature ranged from b15 °C to 35 °C. Spatial
temperature differences between the two years were relatively small
at the hilly terrain to the north of the Guangzhou metropolis (i.e., the
upper part of Fig. 1a & b); however, much larger differences were ob-
served in the areas over and near the Guangzhou metropolis and the
PRD. Compared with natural land uses such as the hilly terrain, urban
areas had higher Ts, as observed by the MODIS satellite over Beijing
and New York (Jin et al., 2010). Urbanization is characterized by the in-
creased use of impervious land surfaces, removal of vegetation cover
and anthropogenic heat discharge, which explains the higher Ts. How-
ever, it should be noted that the hilly terrain could have had high Ts
but only a small temperature difference between 1994 and 2010. For
theGuangzhoumetropolis, areas of higher Ts (25–30 °C) having a radius
of b8 km from the city center in 1994 were expanded to a radius of
20 km from the center in 2010. Temperature differences of 5 °C between
urban and rural areas were evident. The LandSat Ts data over the study
area in 2004 is also provided (Fig. S2), whichdemonstrates a continuous
expansion of urban area over the study period. Fig. 1c and d show the
percentage of paved area on the same dates and similar extents of ur-
banization over and near the Guangzhou metropolis, suggesting a con-
sistent picture to use the surface temperature and ISA to mimic
urbanization over the study area. The percentage of paved area given
by the ISA plots is an additional valuable information for the urban cli-
mate modelling community (e.g. using the WRF-SLUCM) to investigate
the climatic effects of land cover evolution.

Fig. 2 shows the variations of ten-year daily precipitation measured
at Guangzhou station. Higher precipitation amounts of N50mmusually
occurred in the summer months when the atmosphere was unstable
Fig. 2. Long-term record of ground-level measurement of precipitation. The 10-year (1997–2
included.
and had higher moisture content. TheM-K test of the long-term precip-
itation data suggested a positive statistically significant (p b 0.05) trend
only at the Guangzhou station (Fig. 2, Table 1); no statistically signifi-
cant trends were found at any other stations. This suggests that long-
term increases in city-scale (≤35 km) precipitation existed only at the
Guangzhoumetropolis, and a regional-scale (≥100 km) increase in pre-
cipitation within the study period was not evident. The increase in the
ratio of GZ precipitation to total precipitation is highly correlated (r =
0.92) to and Urbanization Index in Guangdong (Qin et al., 2012). Plots
of annual accumulated precipitation differences between the subur-
ban/rural stations and Guangzhou station also supported increasing
precipitation in the Guangzhou metropolis (Fig. 3). The long-term
local increase was attributed to the urbanization effects and in turn
the UHI effects in the Guangzhou metropolis. The slope for the Guang-
zhou station dataset, calculated by linear least-squares regression, was
45.6 mm/10 years. Elsewhere there was an increasing trend of precipi-
tation of 4.5 mm per decade over the contiguous United States
(Groisman et al., 2005). An increasing trend of 9.3 mm per decade in
southern Brazil for the 1913–2006 period (Sansigolo and Kayano,
2010) was found. An estimation of the maximum simulated increase
rate due to climate change (scenario SRES A2) was 18.3mm per decade
over southern China based on Kitoh et al. (2005). The UIEP for our cur-
rent study was therefore even more significant compared with other
studies of precipitation increase available in the literature.

To provide evidence for UIEP over the Guangzhou metropolis, nu-
merical experiments were performed using the WRF-SLUCM model to
simulate the typical summer precipitation events on 19–20 August
2005. At that time, the Guangzhoumetropolis and PRDwere influenced
by the summermonsoon,which is associatedwith amoistmaritime air-
mass and active convective activities. The selected days hadwidespread
and persistent heavy precipitation due to unstable air, thus the urbani-
zation effects on precipitation could be clearly detected. Precipitation
continued until 21 August 2005, when scattered heavy showers were
observed, but the unstable weather system was weakened.

Prior to comparing the differences between the “Urban” and “Pre-
urban” scenarios, we made a brief comparison of the simulated and ob-
served 24-hour accumulated precipitation at different locations in the
study area on 20 August 2005 (Fig. S1). The brief comparison using
the observed 24-hour accumulated precipitation provided limited but
useful checks on the simulated results in terms of behaviour and pat-
tern. The simulated precipitation was from the “Urban” scenario. Fig.
S1 shows that the model skillfully simulated the 24-hour accumulated
precipitation amounts measured at 3 stations out of 5; however, the
006) daily precipitation (×0.1 mm) measured at Guangzhou station. A trend line is also



Table 1
Results of the application of the M-K test.

Station Z-statisticsa

GZ 2.41
FG −1.13
LP −0.17
NX −0.81
SG −0.63

a Values significant at the 95% level are in bold.
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amounts for the rest were under- or over-predicted. For example, the
measured precipitation of 27.4 mm (2.4 mm) at station SG (NX) was
close to (well within) the simulated range of 10–25 mm (1–10 mm).
The simulated result was also comparable to the measurement at the
station FG. A comparison of the precipitation pattern simulated by the
model and observed by the surface rain-gauge measurement is shown
in Fig. S3. It demonstrates that the model was capable to capture the
areas of heavy precipitation (i.e. near 23.0°N, 113.0°E and near 23.0°N,
115.0°E). The differences between the calculated and observed pattern
were partially due to relatively few surface stations, such that the data
from the few stations might not to enough to resolve all the areas of
heavy precipitation. At this point, themodel is to be used strictly for nu-
merical experiments to demonstrate the urbanization effects. The inten-
tion is not to evaluate the model performance in detail with
observations; the challenges for numerical models to simulate precipi-
tation are well-known (e.g., Kain et al., 2008; Wan and Xu, 2011; Liao
et al., 2012).

We focus on 20 August 2005 because similarmeteorological settings
were also featured over the PRD and the Guangzhou metropolis on 19
August 2005. Persistent strong southerly/southwesterly winds associat-
ed with the summer monsoon brought moist, unstable air from the
South China Sea to the study area. Low-level winds with the aforemen-
tioned directions passed over the Guangzhoumetropolis and further in-
land up to 24°N (figure not shown). The heavier precipitation
experienced over the area to the north of the Guangzhou metropolis
was due to the orographic lifting of moist air (Fig. 4). Fig. 4a shows
that the computed 3-hour accumulated precipitationwas almost absent
Fig. 3. Difference ofmeasured precipitation between stations. Plots of annual accumulated precipit
Guangzhou station. A trend line is also included. Due to the large range of precipitation difference
upwind or downwind of the Guangzhou metropolis for the Pre-urban
scenario. However, precipitation amounts of up to 20 mm at scattered
locations were computed over themetropolis and its immediate down-
wind areas for the Urban scenario (Fig. 4b). Other smaller urban areas
near the PRD also made minor contributions to the precipitation en-
hancement downwind, i.e., to the northeast of the Guangzhou metrop-
olis. Similar results were also obtained on 19 August 2005, for the Pre-
urban scenario, where no apparent precipitation was computed over
the Guangzhou metropolis and its immediate downwind areas
(Fig. S4). However, up to 12 mm of precipitation was widespread over
themetropolis and downwind areas for theUrban scenario. A difference
plot (i.e., Urban scenario minus Pre-urban scenario, Fig. S5) for 24-hour
accumulated precipitation on 20 August 2005, further supported the
UIEP. Therefore, the UIEP over the metropolis and its immediate down-
wind areas was clearly shown in the numerical experiments. The cause
of the precipitation increasewas attributed to the strongUHI circulation
driven by warmer urban land surfaces. The UHI effects over the Guang-
zhou metropolis induced a more convective and deeper tropospheric
boundary layer, whichwas reflected in the simulation (Fig. S6). This fig-
ure shows that the instantaneous night-time boundary layer height
over the Guangzhou metropolis for the Urban scenario was up to
500mhigher than thePre-urban scenario. However, this value is strictly
experimental and is not intended for evaluation of a real situation.

4. Discussion

The UIEP has both adverse and beneficial effects on sustainable
urban living. The adverse effects include sea-level rise associated with
future climate change, which increases flooding potential. An average
of 0.5 m sea-level rise by the end of 2100 due to climate change is
projected for the southern coast of China (IPCC, 2013). Based on the re-
sults mentioned above, UIEP adds a significant burden on coastal de-
fenses because the increasing rate from urbanization is higher
compared with that from future climate change. Increases in flooding
potential due to higher precipitation amounts pose a significant risk to
underground infrastructures as part of sustainable urban development
(NAP, 2013). The Guangzhou megacity located in the PRD is ranked in
ation difference (mm) between (a) Fogang, (b) Naxiong, (c) Lianpin, (d) Shaogua station and
s, the scale of the y-axis for each plot is intended to be different from the others.



Fig. 4. Computed precipitation for the Pre-urban andUrban scenarios. Computed 3-hour night-time accumulated precipitation distribution (mm) over Guangzhou and areas nearby on 20
August 2005, for the (a) Pre-urban and (b) Urban scenarios. The Guangzhou metropolis (area of influence) is marked by a blue circle (red ellipse). (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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the top 20 most vulnerable cities in the world in terms of flooding risk
(Ng, 2016 and references therein), because the megacity locates in a
low-lying area which is affected by peak river water discharge during
wet season and sea water inundation. Therefore, the UIEP effects in
Guangzhou should be considered. The findings presented here also
have important implications for other rapidly growing large cities
worldwide. For example, the pace of urbanization elsewhere in China
will continue, especially in the coastal areas of eastern China (Bai
et al., 2014). There are manymegacities in developing countries located
in low-lying areas, river deltas or coastal areas, such asMumbai and Kol-
kata in India, Bangkok in Thailand, Jakarta in Indonesia, Dhaka in
Bangladesh, Cairo in Egypt and Rio de Janeiro in Brazil. More similar
studies are required for these rapidly growing megacities. A correlation
between precipitation and mosquito populations (and associated dis-
eases) has been reported. Kruijf (1975) noted that most population
studies of adult mosquitoes showed a general relationship between
mosquito density and precipitation. Whelan et al. (2003) found five
confirmed cases of Murray Valley encephalitis virus infection during
high precipitation years compared with one case for other years in
Australia. Yamana and Eltahir (2011) used observed precipitation data
to drive a mechanistic model to simulate mosquito populations. The
findings imply that theremight be a direct relationship between precip-
itation andmosquito-borne diseases; thus, the spread of these diseases,
such as the Zika outbreak (see Kutsuna et al. (2014) and articles in the
same Issue), due to precipitation increases over cities could be a serious
threat to sustainable living.

We also discuss the benefits associatedwith an increase in precipita-
tion over urban areas. Clearly, this has benefits to cities with water
shortages. Urban areas also suffer to some extent from the impacts of
UHI (Ng, 2010; Zhou et al., 2016; Lau andNg, 2013) and heatwaves dur-
ing summer (Ng, 2014;Wang et al., 2016). The heatwaves causemortal-
ity (e.g., Anderson and Bell, 2011; Chen et al., 2015). A recent study in
southern China revealed that an average of 1 °C increase in daily mean
temperature above 28.2 °C was associated with a 1.8% increase in mor-
tality (Chan et al., 2012). Prior to the induced precipitation, the associat-
ed cloud development reduces the excess heating of the ground surface
and in turn the surface air temperature, which results in mitigation of
UHI and heatwave effects. However, the weakening of an UHI leads to
reduction of the precipitation enhancement over urban areas. With re-
spect to heatwave effects, recent studies have noted the possibility for
precipitation to drain energy from the atmosphere and reduce the
amount available to generate winds (Pauluis and Dias, 2012). The
weakening of surface winds could exacerbate the heatwave impacts in
the urban compacted building environment (Ng et al., 2011). Precipita-
tion changes also affect the estimation of building energy and services
via their effects on solar radiation and temperature (Levermore and
Parkinson, 2006). A detailed discussion of such complicated feedbacks
is beyond the scope of this study; however, the causal relationship of
the aforementioned effects is clearly likely to form a new direction in
the studies of urban climate and sustainable urban living.

5. Conclusions

Aprecipitationdataset from1997 to 2006was analysed for both a rap-
idly urbanized megacity and nearby suburban/rural stations in southern
China. The urbanization effect was evident by the LandSat Ts product
and its post-processed ISA product. Based on the M-K test, a statistically
significant increasing trend of precipitation existed only at the megacity
station and not at the other stations. This finding indicated that the pre-
cipitation increase (45.6 mm per decade) was a city-scale, rather than a
regional-scale, phenomenon. The increase was attributed to thermal
and dynamical modifications of the tropospheric boundary layer related
to urbanization, which was confirmed by the results of our urban WRF-
SLUCM (Weather Research & Forecast – Single Layer Urban Canopy
Model) simulations. The results also suggested that a long-term regional
increase in precipitation, caused by greenhouse gas-induced climate
change, for instance, was not evident within the study period. The
urbanization-induced increasewas found to be higher than the precipita-
tion increase (18.3mmper decade) expected from future climate change.
The direct climate impacts due to rapid urbanization are highlightedwith
strong implications for urban sustainable development and the planning
of effective adaptation strategies. The findings are also relevant to mega-
cities (35 in 2015) in the rest of the world. While the influences of other
kind of land use changes (such as water conservancy projects) on our
study are small, these changes have to be included for consideration in fu-
ture studies when appropriate.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.scitotenv.2017.05.014.
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